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Tissue acidosis does not mediate 
the hypoxia selectivity of [64Cu]
[Cu(ATSM)] in the isolated perfused 
rat heart
Friedrich Baark1,2, Fiona Shaughnessy1, Victoria R. Pell1,2, James E. Clark2, Thomas R. Eykyn1, 
Philip Blower1 & Richard Southworth  1
Copper-64-Diacetyl-bis(N4-methylthiosemicarbazone) [64Cu][Cu(ATSM)] is a hypoxia-targeting PET 
tracer with applications in oncology and cardiology. Upon entering a hypoxic cell, [64Cu][Cu(II)(ATSM)] 
is reduced to a putative [64Cu][Cu(I)(ATSM)]− species which dissociates to deposit radiocopper, thereby 
providing hypoxic contrast. This process may be dependent upon protonation arising from intracellular 
acidosis. Since acidosis is a hallmark of ischemic tissue and tumors, the hypoxia specificity of [64Cu]
[Cu(ATSM)] may be confounded by changes in intracellular pH. We have therefore determined the 
influence of intracellular pH on [64Cu][Cu(ATSM)] pharmacokinetics. Using isolated perfused rat hearts, 
acidosis was induced using an ammonium pre-pulse method, with and without hypoxic buffer perfusion. 
Cardiac [64Cu][Cu(ATSM)] pharmacokinetics were determined using NaI detectors, with intracellular pH 
and cardiac energetics monitored in parallel by 31P NMR. To distinguish direct acidotic effects on tracer 
pharmacokinetics from acidosis-induced hypocontractility, parallel studies used lidocaine perfusion to 
abolish cardiac contraction. Hypoxic myocardium trapped [64Cu][Cu(ATSM)] despite no evidence of it 
being acidotic when characterised by 31P NMR. Independent induction of tissue acidosis had no direct 
effect on [64Cu][Cu(ATSM)] pharmacokinetics in either normoxic or hypoxic hearts, beyond decreasing 
cardiac oxygen consumption to alleviate hypoxia and decrease tracer retention, leading us to conclude 
that tissue acidosis does not mediate the hypoxia selectivity of [64Cu][Cu(ATSM)].
Myocardial hypoxia is a major factor in the pathology of cardiac ischaemia, and has been implicated in the pro-
gression of numerous events associated with myocardial infarction and heart failure1–4, microvascular disease 
and cardiac hypertrophy5,6. Hypoxia is also a well-established characteristic of many cancers, induced by a cha-
otic vascular architecture which leads to both poor perfusion and decreased oxygen delivery, which frequently 
combine to limit the effectiveness of chemotherapy and radiotherapy7. The non-invasive quantification of tissue 
hypoxia by molecular imaging is therefore an attractive prospect for disease diagnosis, stratification, and predict-
ing or determining response to therapy in both cancer and cardiovascular disease8,9.
Radiolabeled Copper-bis(thiosemicarbazones) [64Cu][Cu(BTSCs)] are a family of hypoxia-avid positron 
emission tomography (PET) tracers which have been extensively investigated for applications in both oncology 
and cardiovascular medicine10–12. Copper-64-Diacetyl-bis(N4-methylthiosemicarbazone) [64Cu][Cu(ATSM)] is 
the current lead member of the class, which has been demonstrated to delineate hypoxic tissue in tumors10,13 and 
myocardium14,15 pre-clinically and clinically. While their sensitivity to tissue hypoxia is well-established, the exact 
mechanism of how this class of complexes deliver hypoxia-dependent contrast remains somewhat unclear16. As 
neutral lipophilic molecules, it is thought that they passively diffuse into and out of cells in their oxidized state. 
Under hypoxic conditions, they are reduced from copper (II) to an unstable copper (I) species9 which dissoci-
ates, releasing their radiocopper core to become trapped inside the cell, thereby providing hypoxia-dependent 
imaging contrast17 (Fig. 1). While it is not controversial that hypoxia promotes tissue radiocopper retention from 
these complexes, the intracellular interactions responsible for their reduction remain unidentified18. One ele-
ment which could affect this process either directly or indirectly is intracellular pH. Ligand protonation due to 
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acidosis may alter the redox potential of the oxidised Copper (II) species, thereby altering the lipophilicity of the 
reduced Copper (I) species, or the dissociation kinetics of the complex19. In vitro UV-Vis spectroscopy studies 
have demonstrated that the stability of various [64Cu][Cu(BTSCs)], such as PTSM and KTS complexes and their 
reduction products decrease substantially with reduced pH11,19, making them more prone to dissociation, while 
cyclic voltammetry suggests that [64Cu][Cu(ATSM)] is more readily reduced in acidic conditions19.
Ischemic myocardium and the tumour microenvironment are both potentially associated with acidosis. In 
myocardium, the net hydrolysis of ATP during ischemia leads to an increase in intracellular H+ concentration20, 
which has been demonstrated by 31P NMR spectroscopy to be more severe than that caused by hypoxia alone21. 
Commonly associated with hypoxia, acidosis is also a hallmark of aggressive tumors, driven by a glycolytic phe-
notype, the increased production and extrusion of H+ and lactate, and limited perfusion22. The importance of aci-
dosis is of increasing interest as a driver of tumor progression and metastatic spread22. If the hypoxia sensitivity of 
the [64Cu][Cu(BTSC)] complexes is mediated by (or heavily modified by) changes in intracellular or intra-tissue 
pH, this would greatly complicate the use and interpretation of the imaging data that they provide. While in vitro 
studies and in silico modeling19 suggest that pH may influence the hypoxia selectivity of these complexes, the issue 
has not yet been specifically investigated in a biologically relevant model of tissue hypoxia.
We have established an isolated perfused heart system coupled with a triple NaI gamma detection apparatus 
which allows the characterization of radiotracer pharmacokinetics in an intact functioning organ over which we 
have complete functional control15,23. Interventions can be performed accurately and reproducibly without the 
added complications of circulating tracer metabolites, under conditions which may otherwise be lethal in vivo. 
In this study, we have used this approach to investigate the interplay between tissue hypoxia and intracellular pH, 
independently and in combination, on radiotracer kinetics to establish whether tissue acidosis is fundamental to, 
or impacts upon, the hypoxia selectivity of [64Cu][Cu(ATSM)].
Results
Cardiac hemodynamics. Cardiac hemodynamic parameters from hearts across all treatment groups 
are shown in Fig. 2. Hypoxia invoked a rapid decrease in left ventricular developed pressure (LVDP), falling 
from 115.4 ± 13.4 to 35.5 ± 12.5 mmHg, with left ventricular end-diastolic pressure (LVEDP) increasing from 
7.5 ± 3.4 to 35.2 ± 12.9 mm, associated with a slight increase in coronary perfusion pressure (PP) from 93.4 ± 9.2 
Figure 1. (left) Structure of [Cu(ATSM)], (right) Generalised schematic of the proposed trapping mechanisms for 
[64Cu][Cu(BTSC)] PET tracers. [64Cu][Cu(II)(BTSCs)] passively diffuse into cells where they can be reduced to 
a charged Cu(I) complex which is unable to leave the cell. In the presence of oxygen this Cu(I) complex is rapidly 
reoxidised back to Cu(II) which is again able to diffuse out of the cell. If oxygen is insufficient, the Cu(I) complex 
can become further reduced and dissociate. The Cu(I) then becomes sequestered by copper chelating proteins and 
trapped inside the cell (Adapted with permission from Pell et al. 2018 under a CC BY open access licence)42.
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to 101.7 ± 15.6 mmHg. Ammonium prepulse-induced intracellular acidosis invoked a rapid reduction in LVDP 
from 90.7 ± 21.9 to 22.5 ± 11.1 mmHg within 5 mins in normoxic hearts, coupled with an increase in LVEDP 
in from 16.4 ± 5.3 to 38.2 ± 24.8 mmHg after 25 mins, with an increase in PP from 90.5 ± 10.00 mmHg to 
131.1 ± 25.2 mmHg. Washout of NH4Cl caused a further decrease to LVDP 5.5 ± 4.7 mmHg within 1 minute. 
After zoniporide washout, LVDP returned to 67.2 ± 15.2 mmHg. The functional effects of acidosis and hypoxia 
combined were not significantly different from those of acidosis alone, although the complete cessation of cardiac 
contraction caused by acidosis was more severe than the hypocontractile effect induced by hypoxic buffer perfu-
sion hypoxia alone. Infusion of 0.8 mM lidocaine induced comparable changes in cardiac function to those of the 
acidosis protocols. In both normoxic and hypoxic hearts, lidocaine abolished LVDP from 125.6 ± 6.1 to 0.54 ± 0.2 
Figure 2. Langendorff hemodynamic data showing changes in perfusion pressure, left ventricular developed 
pressure and left ventricular end-diastolic pressure from all treatment groups. Data are expressed as mean +/− 
SD (n = 5).
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and 139.7 ± 7.9 to 0.47 ± 0.13 respectively, returning to 123.7 ± 13.2 and 125.7 ± 14.06 after washout. LVEDP was 
increased with the addition of lidocaine from 3.5 ± 0.2 to 50.2 ± 14.02 in normoxic hearts and from 6.7 ± 0.68 
to 62.36 ± 20.3 in hypoxic hearts. Both of which returned close to pre-infusion values after lidocaine washout.
31P NMR spectroscopy. Figure 3 displays representative 31P NMR spectra and average pHi from (A) hearts 
subjected to hypoxia (20% O2) and (B) hypoxia + acidosis, to assess changes in cardiac energetics and myocar-
dial pHi. Hypoxia with 20% O2 did not affect pHi, which averaged between 7.13 ± 0.11 and 7.22 ± 0.1 and did 
not differ from time-matched normoxic control pHi. Perfusion with 20% O2 KHB plus NH4Cl and zoniporide 
caused pHi to decrease from 7.1 ± 0.07 to 6.4 ± 0.06 (p < 0.05), returning to 7.1 ± 0.10 (which was comparable to 
time-matched normoxic controls) 15 minutes after zoniporide washout.
Cardiac lactate release. Lactate release from hearts in all treatment groups are summarized in Fig. 4. 
Lactate release from normoxic control hearts was minimal during normoxic perfusion (0.085 ± 0.01 to 
0.011 ± 0.03 mmol/L). Perfusion with hypoxic buffer caused elevated lactate washout, reaching a maximum of 
0.35 ± 0.03 mmol/L after 20 mins of hypoxia. In normoxic hearts, perfusion with NH4Cl caused a transient but 
not significant small increase in lactate release from 0.10 ± 0.03 to 0.15 ± 0.11 mmol/L within 2 minutes which 
decreased again upon NH4Cl washout. Lactate release from acidotic hearts perfused with hypoxic buffer did not 
increase throughout the protocol and were not significantly different from non-acidotic control hearts. Lidocaine 
infusion abolished lactate release during normoxic buffer perfusion, which was not significantly different from 
the low lactate washout observed in the acidotic group, but significantly lower than that observed in the hypoxia 
alone perfusion group (p < 0.05).
Cardiac Copper-64 retention. Representative traces from the Na/I detector interrogating the heart dur-
ing examples of each perfusion protocol are shown in Fig. 5, and summarized across all hearts in Fig. 6. During 
normoxic perfusion, 10.1% ± 2.5% of the injected dose (ID) was retained in the heart 20 min after the first injec-
tion, and this level of radiotracer retention was consistently observed in the subsequent injections in the nor-
moxic control heart. Induction of acidosis in normoxic hearts caused a decrease in cardiac Copper-64 retention 
from 9.3% ± 2.7% during the control period to 2.4% ± 1.6% (p < 0.05), returning to 12.7% ± 3.0% 15 mins after 
zoniporide/acid washout. Perfusion with hypoxic buffer caused a significant increase in tracer retention from 
11.0% ± 2.2% to 46.5% ± 12.0% ID (p < 0.05). However, inducing acidosis in hypoxic hearts abolished Copper-64 
retention such that it was not significantly different to pre-hypoxic values. Lidocaine infusion in normoxic hearts 
had a similar effect to acidosis, with Copper-64 retention falling from 9.22% ± 0.79% to 4.93% ± 0.8% (p < 0.05) 
before returning to pre-lidocaine values (10.7% ± 0.6% ID). Lidocaine infusion also abolished the elevated 
Copper-64 retention previously seen in hypoxic hearts.
Figure 3. (A) Representative stacked plot of 31P NMR spectra acquired from a hypoxic control (20% O2) heart 
along with single spectra stacked plot and myocardial pHi. (B) Representative stacked plot of 31P NMR spectra 
acquired from a hypoxic (20% O2) acidotic heart along with single spectra stacked plot and myocardial pHi 
(data are expressed as mean ± standard deviation, n = 5).
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Discussion
In this study we show that, contrary to prior suggestions based on in vitro physicochemical and electrochemical 
studies and in silico calculations, acidosis is not a significant mechanism for the trapping of [64Cu][Cu(ATSM)] 
in hypoxic tissues ex vivo. We demonstrate significant cardiac retention of [64Cu][Cu(ATSM)] in myocardium 
perfused with hypoxic buffer, which exhibits no measurable intracellular acidosis when measured by 31P NMR 
spectroscopy. Acidosis can therefore not be a prime determinant of tissue [64Cu][Cu(ATSM)] retention. While 
acidosis is a well characterized phenomenon in ischemic hearts, and has been robustly demonstrated by 31P 
NMR ex vivo and in vivo by ourselves and many others24–26, maintaining coronary flow constant to specifically 
induce hypoxia (which our model allows) washes protons arising from net ATP hydrolysis from the myocardium 
sufficiently rapidly that they do not cause measurable tissue acidosis. Thus, our model allows us to specifically 
demonstrate the hypoxia-dependent tissue accumulation of [64Cu][Cu(ATSM)] without the confounding effects 
of changes in perfusion which often complicate such studies in cancer models, and to confirm the lack of cor-
relation between acidosis and [64Cu][Cu(ATSM)] retention. We show that surprisingly, rather than promoting 
[64Cu][Cu(ATSM)] dissociation and Copper-64 retention as might be predicted, when invoked pharmacolog-
ically either in the presence or absence of hypoxia, acidosis indirectly decreases [64Cu][Cu(ATSM)] retention 
in our experimental model by lowering cardiac oxygen consumption via the inhibition of cardiac contraction. 
We mimicked this condition by inhibiting cardiac contraction by lidocaine infusion to achieve the same effect, 
such that tissues were no longer sufficiently hypoxic to retain [64Cu][Cu(ATSM)], despite being perfused with 
hypoxic buffer. We demonstrate the oxygen-salving effect of this mechanical unloading by the normalization of 
cardiac energetics (by 31P NMR spectroscopy), and the abolition of lactate washout from hypoxic hearts (which 
reflects a return from anaerobic to aerobic glycolysis) when either simultaneously made acidotic, or perfused with 
lidocaine. As we have previously demonstrated, [64Cu][Cu(ATSM)] exhibits a sigmoidal relationship between 
tissue oxygenation and tracer retention, and is selective for relatively extreme degrees of hypoxia27; by lowering 
oxygen demand in our hearts, we conclude that we have indirectly raised intracardiac oxygen saturation to above 
the threshold necessary for tissue [64Cu][Cu(ATSM)] retention. This oxygen-sparing effect is also observable 
Figure 4. Cardiac lactate release. Lactate concentration was measured in perfusate samples collected from 
isolated perfused hearts. Data are expressed as means ± SD (n = 5).
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in acidotic hearts during normoxic perfusion, where baseline [64Cu][Cu(ATSM)] retention was lower than in 
untreated normoxic control hearts. While the Langendorff isolated perfused heart is energetically stable for sev-
eral hours, it is potentially at the brink of normoxia because KHB has a lower oxygen-carrying capacity than 
blood, even when saturated with 95% O2/5% CO2. This is apparent from the significant vasodilation and high cor-
onary flows associated with crystalloid versus blood perfused preparations28. Isolated hearts perfused with KHB 
are almost maximally vasodilated, which has led to the suggestion that they may be slightly hypoxic, particu-
larly in the endocardium, where energy (and oxygen) demands are highest29. While in previous studies we had 
attributed the baseline level of [64Cu][Cu(ATSM)] cardiac retention in “normoxically-perfused” isolated hearts 
to be due to non-specific retention in cell membranes (due to their lipophilicity), our data suggest that some of 
this retention may represent a small fraction of hypoxic cells within a crystalloid-perfused heart, which become 
normoxic once when the heart is mechanically unloaded. We have recently shown by 31P NMR that mechanically 
uncoupling isolated hearts with blebbistatin elevates both phosphocreatine levels and ATP content in “normoxic” 
crystalloid buffer-perfused isolated hearts which would be consistent with this30.
We exploited the ammonium prepulse approach to specifically induce intracellular acidosis, as opposed to 
perfusing with acidotic buffers, which would not necessarily translate to intracellular acidosis. This also allowed 
us to exclude the possibility of protonation of the complex by acidotic buffer before it reached the heart in our 
study. The ammonium prepulse approach coupled with NHE inhibition is an established means of inducing and 
maintaining intracellular acidosis in both basic cardiac research and other applications31,32; similar, but less severe 
intracellular acidosis of pH 6.7 has previously been demonstrated with a similar protocol in isolated perfused 
ferret hearts using the NHE inhibitor 5-(N-ethyl-N-isopropyl)amiloride (EIPA)33, while similar effects on con-
tractile function to those we report here have previously been demonstrated with NH4Cl infusion and NHE-1 
inhibitor cariporide34. While NHE inhibition is associated with a loss of Ca2+ uptake via NCX, acidosis-mediated 
Figure 5. Representative time-activity curves demonstrating Copper-64 retention from [64Cu][Cu(ATSM)] 
across all treatment groups.
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loss of contractile function is not due to the decrease in Ca2+ concentration, but to a decrease in contractile 
protein responsiveness to Ca2+ 35. We demonstrate that zoniporide treatment alone had no effect on Copper-64 
retention during normoxia or hypoxia compared to vehicle control, which confirms that there was no interaction 
between zoniporide and [64Cu][Cu(ATSM)] which may have affected myocardial uptake or dissociation.
Conclusion
Radiocopper bis(thiosemicarbazone) complexes represent a versatile family of hypoxia imaging agents with a 
range of hypoxia selectivities for a variety of applications in both cardiology and oncology. To optimize the diag-
nostic and prognostic insight gained from the PET images with these complexes, it is essential to understand the 
nature of their tissue uptake and retention. Here, we demonstrate that their hypoxia-dependent tissue retention 
is not dependent upon intracellular acidosis (nor indeed directly affected by it) and confirm their specificity to 
changes in intracellular oxygen saturation.
Materials and Methods
Reagents and gas mixtures. All reagents were purchased from Sigma Aldrich (Poole, Dorset, UK) unless 
otherwise stated. All gas mixtures were purchased from BOC, UK. Specialist gas mixtures were certified by the 
manufacturer.
[64Cu][Cu(ATSM)] production. Copper-64 was provided by the PET Imaging Centre, St. Thomas’ Hospital, 
London. ATSM was labeled with Copper-64 as described by Handley et al.36.
Animals. Male Wistar rats (250 to 300 g: Charles River) with ad libitum access to food and water were used 
throughout. All experimental procedures were approved by King’s College London’s local Animal Care and Ethics 
Committee, and carried out in accordance with Home Office regulations as detailed in the Guidance on the 
Operation of Animals (Scientific Procedures) Act 1986.
Figure 6. Tissue retention of [64Cu][Cu(ATSM)] (% of injected dose) across all treatment groups. Data are 
expressed as mean ± SD. (n = 5).
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Heart perfusion protocol. Rats were anesthetised with sodium pentobarbitone and heparinised (200 
IU intraperitoneal). Hearts were excised and placed immediately in Krebs-Henseleit Buffer (KHB) at 4 °C, 
comprising NaCl (118 mmol/L), KCl (5.9 mmol/L), MgSO4 (1.16 mmol/L), NaHCO3 (25 mmol/L), NaEDTA 
(0.48 mmol/L), glucose (11.1 mmol/L) and CaCl2 (2.2 mmol/L) prior to Langendorff perfusion at a constant rate 
of 14 mL/min with KHB gassed with 95%O2/5%CO2 at 37 °C, as we have described previously12,37. Hypoxia was 
induced by switching to KHB equilibrated with 20%O2/75%N2/5%CO2. Buffer oxygen saturation was monitored 
throughout each experiment by an OxyLite™ fluorescent oxygen probe (Oxford Optronix Ltd., Oxfordshire, UK) 
inserted into the arterial perfusion line. Coronary perfusion pressure was monitored via a pressure transducer 
mounted in the arterial line. Cardiac contractile function was monitored via a pressure transducer connected 
to a latex balloon inserted into the left ventricle, inflated to an end-diastolic pressure of 4 to 9 mmHg. All hearts 
were perfused with normoxic KHB for a stabilization period of 10 min to ensure contractile function exclusion 
criteria were met before continuing each experiment. Hearts were then perfused for a further 45 min according 
to the protocol schematics in Fig. 7. In each experiment, three boluses of [64Cu][Cu(ATSM)] (2 MBq in 100 μL 
KHB) were injected into the arterial perfusion line at the end of the stabilization period (to obtain a baseline 
measurement), 20 minutes after the induction of each intervention, and 15 minutes after the cessation of each 
intervention. An ammonium pre-pulse technique was employed to induce intracellular acidosis38, which was 
maintained by infusion of the sodium hydrogen exchanger (NHE-1) inhibitor zoniporide39 in bicarbonate free 
buffer (to limit buffering capacity). Hypoxia was induced by perfusing hearts with KHB gassed with 20% O2. 
Since tissue acidosis inhibits cardiac contractility, which would potentially have an oxygen-salving effect which 
may itself affect hypoxia tracer pharmacokinetics, we perfused further groups of hearts with 0.8 mM lidocaine 
to inhibit cardiac contractility to establish the effect of tissue hypocontractility on tracer pharmacokinetics inde-
pendent of intracellular pH.
31P MR Spectroscopic Analysis. Changes in cardiac energetics and intracellular pH were monitored in 
real time in parallel groups of hearts using 31P NMR spectroscopy. Hearts were cannulated and perfused with 
KHB in Langendorff mode and inserted into a 15 mm glass MR tube, which was inserted into a custom-built 
MR spectroscopy probe, as previously described40. 31P NMR spectra were acquired on an Bruker Avance III 9.4 T 
spectrometer using a 15 mm 31P/1H birdcage coil41. Shimming was performed on the 1H line shape of water (full 
width at half maximum <20 Hz). 31P spectra were acquired with a pulse-acquire sequence using a 60° flip angle, 
a repetition time of 3.8 s, and 64 scans (4 min per spectrum). The peak area of each metabolite was normalized to 
that of phosphocreatine during normoxia.
Lactate measurement. 0.5 mL of coronary effluent was collected at regular intervals during perfusion and 
analyzed for lactate content to identify the onset of anaerobic glycolysis using a 2300 STAT Plus lactate analyzer 
(YSI Ltd) as described previously37.
Radiometric measurement. Cardiac radiotracer injection, retention and washout was monitored through-
out using three orthogonally-arranged lead-collimated Na/I γ-radiation detectors (Raytest Isotopenmessgeräte 
GmbH, Straubenhardt, Germany) measuring Copper-64 activity at the input (arterial) perfusion line, the heart 
and the output perfusion line respectively. The detectors were connected to a Gina Star™ data acquisition system 
Figure 7. Perfusion protocols for hearts from all treatment groups. (A) Normoxic control, (B) 
Normoxia + acidosis (C) Hypoxic control (D) Hypoxia + acidosis (E) Normoxia + lidocaine infusion (F) 
Hypoxia + lidocaine infusion.
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(Raytest Isotopenmessgeräte GmbH) as previously described15. Data were normalized to the maximum peak 
counts after each injection and corrected for decay and cardiac background activity 30 seconds prior to each 
injection.
Statistical analysis. All data are presented as mean ± standard deviation. Statistical significance was calcu-
lated using a one-way ANOVA followed by Bonferroni post hoc test, or Dunnett test when multiple comparisons 
were made to a control group, using GraphPad Prism (GraphPad software Inc., San Diego, CA, USA).
Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
References
 1. Giordano, F. J. Oxygen, oxidative stress, hypoxia, and heart failure. The Journal of Clinical Investigation 115, 500–508 (2005).
 2. Kutala, V. K., Khan, M., Angelos, M. G. & Kuppusamy, P. Role of Oxygen in Postischemic Myocardial Injury. Antioxidants & Redox 
Signaling 9, 1193–1206 (2007).
 3. Kreutzer, U., Mekhamer, Y., Chung, Y. & Jue, T. Oxygen supply and oxidative phosphorylation limitation in rat myocardium in situ. 
Am J Physiol Heart Circ Physiol 280, H2030–2037 (2001).
 4. Essop, M. F. Cardiac metabolic adaptations in response to chronic hypoxia. The Journal of Physiology 584, 715–726 (2007).
 5. Lei, L. et al. Hypoxia-inducible factor-dependent degeneration, failure, and malignant transformation of the heart in the absence of 
the von Hippel-Lindau protein. Mol. Cell. Biol. 28, 3790–3803 (2008).
 6. Sabbah, H. N., Sharov, V. G. & Goldstein, S. Cell death, tissue hypoxia and the progression of heart failure. Heart Failure Reviews 5, 
131–138 (2000).
 7. Wilson, W. R. & Hay, M. P. Targeting hypoxia in cancer therapy. Nature Reviews Cancer 11, 393 (2011).
 8. Lopci, E. et al. PET radiopharmaceuticals for imaging of tumor hypoxia: a review of the evidence. American Journal of Nuclear 
Medicine and Molecular Imaging 4, 365–384 (2014).
 9. Handley, M. G., Medina, R. A., Nagel, E., Blower, P. J. & Southworth, R. PET imaging of cardiac hypoxia: opportunities and 
challenges. Journal of Molecular and Cellular Cardiology 51, 640–650 (2011).
 10. Lewis, J. S., McCarthy, D. W., McCarthy, T. J., Fujibayashi, Y. & Welch, M. J. Evaluation of 64Cu-ATSM in vitro and in vivo in a 
hypoxic tumor model. Journal of nuclear medicine: official publication, Society of Nuclear Medicine 40, 177–183 (1999).
 11. Maurer, R. I. et al. Studies on the mechanism of hypoxic selectivity in copper bis(thiosemicarbazone) radiopharmaceuticals. Journal 
of medicinal chemistry 45, 1420–1431 (2002).
 12. Medina, R. A. et al. 64Cu-CTS: A Promising Radiopharmaceutical for the Identification of Low-Grade Cardiac Hypoxia by PET. 
Journal of nuclear medicine: official publication, Society of Nuclear Medicine 56, 921–926 (2015).
 13. Lewis, J. S., Sharp, T. L., Laforest, R., Fujibayashi, Y. & Welch, M. J. Tumor uptake of copper-diacetyl-bis(N(4)-
methylthiosemicarbazone): effect of changes in tissue oxygenation. Journal of nuclear medicine: official publication, Society of Nuclear 
Medicine 42, 655–661 (2001).
 14. Lewis, J. S. et al. Delineation of hypoxia in canine myocardium using PET and copper(II)-diacetyl-bis(N(4)-
methylthiosemicarbazone. Journal of nuclear medicine: official publication, Society of Nuclear Medicine 43, 1557–1569 (2002).
 15. Handley, M. G. et al. Cardiac hypoxia imaging: second-generation analogues of 64Cu-ATSM. Journal of nuclear medicine: official 
publication, Society of Nuclear Medicine 55, 488–494 (2014).
 16. Dearling, J. L. J. & Packard, A. B. Some thoughts on the mechanism of cellular trapping of Cu(II)-ATSM. Nuclear Medicine and 
Biology 37, 237–243 (2010).
 17. Dearling, J. L. & Packard, A. B. Some thoughts on the mechanism of cellular trapping of Cu(II)-ATSM. Nucl Med Biol 37, 237–243 
(2010).
 18. Shaughnessy, F. et al. Modification of intracellular glutathione status does not change the cardiac trapping of 64Cu(ATSM). EJNMMI 
Research 4, 1–10 (2014).
 19. Holland, J. P. et al. Probing the mechanism of hypoxia selectivity of copper bis(thiosemicarbazonato) complexes: DFT calculation of 
redox potentials and absolute acidities in solution. Dalton Transactions, 783–794 (2006).
 20. Doenst, T., Nguyen, T. D. & Abel, E. D. Cardiac Metabolism in Heart Failure - Implications beyond ATP production. Circulation 
research 113, 709–724 (2013).
 21. Bak, M. I. & Ingwall, J. S. Acidosis during ischemia promotes adenosine triphosphate resynthesis in postischemic rat heart. vivo 
regulation of 5’-nucleotidase. The Journal of clinical investigation 93, 40–49 (1994).
 22. Corbet, C. & Feron, O. Tumour acidosis: from the passenger to the driver&#39;s seat. Nature Reviews Cancer 17, 577, https://doi.
org/10.1038/nrc.2017.77 (2017).
 23. Mariotti, E. et al. Assessing radiotracer kinetics in the Langendorff perfused heart. EJNMMI research 3, 74 (2013).
 24. Southworth, R. & Garlick, P. B. Dobutamine responsiveness, PET mismatch, and lack of necrosis in low-flow ischemia: is this 
hibernation in the isolated rat heart? Am J Physiol Heart Circ Physiol 285, H316–324 (2003).
 25. Garlick, P. B., Radda, G. K., Seeley, P. J. & Chance, B. Phosphorus NMR studies on perfused heart. Biochemical and Biophysical 
Research Communications 74, 1256–1262 (1977).
 26. Tyler, D. J. et al. Reproducibility of 31P cardiac magnetic resonance spectroscopy at 3 T. NMR in Biomedicine 22, 405–413 (2009).
 27. Medina, R. A. et al. 64CuCTS: a promising radiopharmaceutical for the identification of low grade cardiac hypoxia by PET. Journal 
of Nuclear Medicine (2015).
 28. Sutherland, F. J. & Hearse, D. J. The isolated blood and perfusion fluid perfused heart. Pharmacological Research 41, 613–627 (2000).
 29. Southworth, R., Blackburn, S. C., Davey, K. A., Sharland, G. K. & Garlick, P. B. The low oxygen-carrying capacity of Krebs buffer 
causes a doubling in ventricular wall thickness in the isolated heart. Can J Physiol Pharmacol 83, 174–182 (2005).
 30. O’Brien, B. A. Intracellular sodium and the matching of ATP supply to demand in the heart Ph.D. thesis, King’s College London 
(2017).
 31. Bonnet, U. & Wiemann, M. Ammonium prepulse: effects on intracellular pH and bioelectric activity of CA3-neurones in guinea pig 
hippocampal slices. Brain Res 840, 16–22 (1999).
 32. Ramasamy, R., Liu, H., Anderson, S., Lundmark, J. & Schaefer, S. Ischemic preconditioning stimulates sodium and proton transport 
in isolated rat hearts. J Clin Invest 96, 1464–1472 (1995).
 33. Grace, A. A. et al. Regulation of intracellular pH in the perfused heart by external HCO3- and Na(+)-H+ exchange. The American 
journal of physiology 265, H289–298 (1993).
 34. Shipolini, A. R. et al. Na+/H+ exchanger activity does not contribute to protection by ischemic preconditioning in the isolated rat 
heart. Circulation 96, 3617–3625 (1997).
 35. Crampin, E. J., Smith, N. P., Langham, A. E., Clayton, R. H. & Orchard, C. H. Acidosis in models of cardiac ventricular myocytes. 
Philosophical transactions. Series A, Mathematical, physical, and engineering sciences 364, 1171–1186 (2006).
www.nature.com/scientificreports/
1 0SCIEntIFIC RePoRTS |           (2019) 9:499  | DOI:10.1038/s41598-018-36145-1
 36. Handley, M. G., Medina, R. A., Paul, R. L., Blower, P. J. & Southworth, R. Demonstration of the retention of 64Cu-ATSM in cardiac 
myocytes using a novel incubation chamber for screening hypoxia-dependent radiotracers. Nucl Med Commun 34, 1015–1022 
(2013).
 37. Handley, M. G. et al. Cardiac hypoxia imaging: second generation analogues of 64Cu-ATSM. J.Nucl.Med. 55, 488–494 (2014).
 38. Boron, W. F. & De Weer, P. Intracellular pH transients in squid giant axons caused by CO2, NH3, and metabolic inhibitors. J Gen 
Physiol 67, 91–112 (1976).
 39. Marala, R. B. et al. Zoniporide: a potent and highly selective inhibitor of human Na(+)/H(+) exchanger-1. European journal of 
pharmacology 451, 37–41 (2002).
 40. Weiss, K. et al. Developing Hyperpolarized 13C Spectroscopy and Imaging for Metabolic Studies in the Isolated Perfused Rat Heart. 
Appl Magn Reson 43, 275–288 (2012).
 41. Garlick, P. B., Medina, R. A., Southworth, R. & Marsden, P. K. Differential uptake of FDG and DG during post-ischaemic reperfusion 
in the isolated, perfused rat heart. Eur J Nucl Med 26, 1353–1358 (1999).
 42. Pell, V. R., Baark, F., Mota, F., Clark, J. E. & Southworth, R. PET Imaging of Cardiac Hypoxia: Hitting Hypoxia Where It Hurts. 
Current Cardiovascular Imaging Reports 11, 7 (2018).
Acknowledgements
The authors acknowledge financial support from the KCL BHF Centre of Research Excellence, BHF award 
RE/08/003 & project grant PG/10/20/28211, the Department of Health via the National Institute for Health 
Research (NIHR) comprehensive Biomedical Research Centre awards to Guy’s & St Thomas’ NHS Foundation 
Trust and the South London and Maudsley NHS Foundation Trust in partnership with King’s College London 
and King’s College Hospital NHS Foundation Trust, and the King’s College London and UCL Comprehensive 
Cancer Imaging Centre. This work was supported by the Wellcome/EPSRC Centre for Medical Engineering [WT 
203148/Z/16/Z]. Funded by the CRUK and EPSRC in association with the MRC and DoH (England). The views 
expressed are those of the authors and not necessarily those of the NHS, the NIHR or the Department of Health.
Author Contributions
F.B., F.S. and V.P. performed the heart perfusions and biochemical assays and drafted the manuscript, T.E. 
performed the N.M.R. spectroscopy and data analysis, R.S., P.B. and J.C. conceived and designed the experiments 
and co-ordinated the study. All authors read, commented on and edited the manuscript.
Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
